ABSTRACT: Cattle in breeds formed by recent crossing of Bos taurus (Bt) and Bos indicus (Bi) subspecies should contain chromosomes that are a composite of Bt and Bt segments. Using data from a 50K SNP chip, we were able to identify whether a chromosome segment of 11 SNP in a composite animal descended from a Bt or a Bi ancestor. When the method was tested in purebred Bt or Brahman cattle, about 94% of segments were assigned correctly. About 10% of the genome in Australian Brahman cattle appears to be of Bt origin, as might be expected from their history. We then examined the effect of the origin of each chromosome segment on BW in a population of 515 Bt × Bi composite cattle and found 67 chromosome segments with a significant (P < 0.01) effect. We confirmed these effects by examining these 67 segments in a population of Brahman cattle and in a population of mixed breeds including composite breeds such as Santa Gertrudis and Brahman cattle. About 66% of the 67 segments had an effect in the same direction in the confirmation analyses as in the discovery population. However, the effect on BW and other traits of chromosome segment origin is small, indicating that we had low power to detect these effects with the number of animals available. Consequently, when chromosome segment origin was used in genomic selection to predict BW, the accuracy was low (0.08). Chromosome segments that had a positive effect on BW tend to be at greater frequency in composite breeds than chromosome segments with a negative effect on BW.
INTRODUCTION
The taurine (Bos taurus; Bt) and zebu (Bos indicus; Bi) subspecies compose the majority of the world cattle populations. Bos taurus and Bi cattle were domesticated independently in the Near East and in India, respectively (Bradley et al., 1998; Beja-Pereira et al., 2006) . The time of divergence between the taurine and the zebu lineage based on mitochondrial DNA data was estimated at about 117,000 to 275,000 yr before the present (Bradley et al., 1996) . The estimate based on microsatellite data was much greater at 610,000 to 850,000 yr (MacHugh et al., 1997) .
Australia has no indigenous cattle. Bos taurus cattle were introduced to Australia by European settlers in the end of the 18th century. The main Bi breed used for beef production in Australia is the Brahman, which was imported in the 20th century. In Australia the Brahman breed has been "graded up" from Bt cows and Brahman animals imported from the United States. Crossbreeding between Brahman and Bt breeds has also been used to form several synthetic or composite breeds such as the Santa Gertrudis, Belmont Red, and so-called Tropical Composites bred by Australian pastoral companies. Because this crossbreeding has been recent, large chromosome segments of Bt or Bi origin should be segregating in these composite breeds.
Because of their long separation and different selection pressures, Bt and Bi cattle differ substantially in 1 We acknowledge the funding from Cooperative Research Centre for Beef Genetic Technologies (Armidale, New South Wales, Australia) for this research. We are grateful to Bill Barendse (CSIRO Livestock Industries, Queensland, Australia) and Wayne Pitchford (University of Adelaide, Adelaide, South Australia, Australia) for their comments.many traits such as presence and absence of a hump, heat tolerance, and parasite resistance. It is possible that these phenotypic differences reflect large differences in allele frequency at some genes affecting quantitative traits. Even for traits where the subspecies do not differ greatly, it is possible that their long separation has caused differences in allele frequency at QTL. Therefore, there is an opportunity to select within composite breeds for chromosome segments that derive from either the Bt or Bi ancestor according to which was superior on average for the breeding objective. This would result in a composite breed that had the desirable alleles from both parent subspecies, which is the aim of many breeders of composite breeds.
To achieve this aim we must be able to classify chromosome segments in composite cattle as of either Bi or Bt origin, and at each position in the genome we must be able to estimate the effect of subspecies chromosome origin on traits of interest. In this paper, we present 2 methods to determine the subspecies origin of a chromosome segment based on 50K SNP data, and then estimate the effect of chromosome segment origin on a range of growth and carcass traits.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because no new animals were handled in this experiment.
SNP Data
The SNP genotypes, which were obtained from the BovineSNP50 BeadChip (Illumina, San Diego, CA), were previously used in the genome wide-association study (Bolormaa et al., 2011) . In total, 53,798 SNP were genotyped and 50,650 were polymorphic. All genotypes had more than 95% quality scores, and the proportion of missing genotypes was less than 2.1%. Missing genotypes and haplotypes were imputed using the fastPHASE program (Scheet and Stephens, 2006) .
Populations and Traits
The cattle were from 2 experiments conducted by the Australian Cooperative Research Centre (CRC) for Beef Genetic Technologies. The CRC I data set contained 900 steers that were measured for net feed intake and growth and carcass traits (Table 1) , following standard procedures described by Johnston et al. (2003) , Robinson and Oddy (2004) , and Barwick et al. (2009) . These steers were from 7 different pure breeds of 3 breed types. Four breeds (Angus, Murray Grey, Shorthorn, and Hereford) were Bt; 1 breed (Brahman) was Bi; and 2 breeds (Santa Gertrudis and Belmont Red) were Bt × Bi synthetic breeds (Johnston et al., 2003) . The CRC II data set contained 1,100 cows with BW and height data. These cows were either Brahman (Bi) or Bi × Bt composite cattle (Table 1; Barwick et al., 2009 ). The exact time at which BW was measured is given in the references but was during finishing in CRC I cattle and at the end of the first postweaning wet season in CRC II cattle. In total, genotypes of 2,000 animals (665 Bi, 528 Bt, and 807 Bt × Bi) were used in this study.
Statistical Analyses
Estimating the Origin of a Chromosome Segment. Each chromosome was divided into nonoverlapping segments consisting of m consecutive SNP (m = 9 to 17 SNP). If, at the end of a chromosome, there were less than m SNP, these were ignored. If a particular SNP was not segregating in the composite cattle [the allele frequency (p Bt × Bi ) equals 0 or 1], then this SNP was removed from the data. We used 2 methods, derived in the Appendix, to estimate the probability that a particular chromosome segment in a given animal was of Bi origin. We represent this probability as b.
The first method used the allele at each SNP within the m SNP constituting a segment. At each SNP, 1 of the 2 alleles was arbitrarily scored 1 and the other allele was scored 0. The formula to estimate b is derived from simple linear regression and is has a zebu origin, whereas if it is closer to 0, then the segment has a taurine origin. We arbitrarily classified segments with b > 0.6 as Bi and b < 0.4 as Bt. A principal coordinate (PC) analysis of the 51,404 SNP data (excluding SNP on X chromosome) was also performed using the R version 2.9.1 package (R Development Core Team, 2005) . The first PC distinguished Bi from Bt breeds, so the score for an individual composite animal on the first PC is an estimate of the proportion of its genome that is Bi in origin. Principal coordinate analysis was performed for each bovine chromosome 1 to 29 and across the whole genome. For each animal, the score of the first PC for a chromosome estimates the amount of the chromosome derived from a Bi ancestor, and this was compared with the average b value over that chromosome for the same animal by estimating the correlation between these 2 values.
The Effect of Chromosome Segment Origin on Phenotype. Using the ASReml software (Gilmour et al., 2002) , a genome-wide association analysis was performed in which the effect of the origin of each chromosome segment on each trait (Table 1) was estimated. The animal model used was as follows: trait ~ mean + fixed effects + βb + animal + error, where β is the regression of trait on b, the probability of Bi origin was fitted as a fixed covariate effect, and animal and error were fitted as random effects. Thus a positive value for β indicates that animals carrying segments of Bi origin at this location had a greater mean for the trait than animals carrying Bt segments. Fixed effects were different for the CRC I and CRC II data sets. For CRC I data set, breed, herd of origin, sex, year of measurement, season, market-weight destination, age, and nutritional treatment were fitted as fixed effects. For CRC II data, the effects of breed, herd of origin, sire group, cohort, calving month, and their first-degree interactions were fitted as fixed effects as in Bolormaa et al. (2011) .
A separate analysis and significance test was performed for each of 4,434 chromosome 11-SNP segments, and therefore, we compared the number of segments that were significant to the number expected by chance using a false discovery rate (FDR; Storey, 2002) . To validate the finding, the segments that were significant in the CRC II composite animals were assessed on the CRC II Brahman and the CRC I animals.
Genomic Selection Based on Chromosome Segment Origin. The b values for each chromosome segment were used to derive a relationship matrix among the 2,000 animals. The relationship matrix was constructed using the method described in Hayes et al. (2009) . This relationship matrix was fitted to a BLUP model to EBV for BW for the 2,000 animals. The BLUP model was used as follows:
where trait j is the record of animal j, μ is the mean, a j is a breeding value for animal j, sampled from the distribution N a ( ,
Aσ
where A is the additive relationship matrix constructed from the b values, σ a 2 is the additive genetic variance, and e j is the vector of random deviates. The REML was used to estimate vari- CRC I and CRC II = Cooperative Research Centre phase I and phase II, respectively; RFI = net feed intake; DFI = daily feed intake; mMWT = metabolic mid-weight; CWT = carcass weight; RBY = retail beef yield; IMF = intramuscular fat; P8 = subcutaneous fat depth at the P8 site; RF = rib fat; EMA = eye muscle area; LDPF = meat tenderness; w1WGT = BW at the end of the first wet season; w1HH = hip height at the end of the first wet season; Bt = Bos taurus; Bi = Bos indicus; Bt × Bi = composite animals; BB = Brahman; TC = Tropical Composite; all = TC and BB cattle combined. Mean ± SD = mean and its SD, which were estimated based on only genotyped animals.
ance components. The estimates of EBV were performed using ASReml software (Gilmour et al., 2002) . In the BLUP analysis, the phenotypic records for the CRC I cattle were not used. The analysis used phenotype data from CRC II animals and the fixed effects used in the BLUP model were the same as described in the previous section. However, EBV for CRC I were calculated because they were included in the computation of the relationship matrix. The EBV for the CRC I composite cattle were correlated with their phenotype for BW, adjusted for fixed effects, to determine the accuracy of the genomic prediction (Hayes and Goddard, 2008; Daetwyler et al., 2010) .
RESULTS

Detection of Chromosome Segments of Zebu and Taurine Origin
The correlation between the 2 b values (1 from SNP alleles and the other 1 from haplotypes) was 0.99. For the rest of the analysis we used the average of the 2 b values for each segment. Although the method was designed to estimate the origin of chromosome segments in composite cattle, we tested it in Bt and Brahman cattle. The distribution of b values for m = 11 SNP chromosome segments in the Bt, Bi, and Bt × Bi cattle is shown in Figure 1 We classified segments with b < 0.4 as of Bt origin, segments with b > 0.6 as of Bi origin, and segments with 0.4 < b < 0.6 as unassigned. Table 2 shows the effect of varying m from 9 to 17. As m increases, the proportion of unassigned segments decreases, the proportion of segments in Bi cattle assigned to Bi origin increases to 94%, and the proportion of segments in Bt cattle assigned to Bt origin increases to 98%. On the other hand, Bt × Bi animals carried about one-half of their total segments that were of taurine origin and the other one-half of segments that were of zebu origin (Table 2 ). For the remainder of the paper, we use m = 11 SNP segments.
Brahman animals carried some segments of the taurine origin (b < 0.4). At certain positions in the genome, the proportion of segments of the taurine origin in Brahman cattle was up to 37%. For example, segments with a greater proportion of Bt ancestry are shown in Figure 2 (green crosses), situated at around 140.3 Mbp on BTA1, 80.3 Mbp on BTA 4, 81.4 Mbp on BTA 8, and 49.3 Mbp on BTA14. When we investigated the haplotype frequencies at these positions, the same haplotypes were frequently represented in Bt, Bi, and Bt × Bi populations. Figure 3 shows the PC decompositions of the genotypes for the 8 breeds on the first 2 PC. The first PC, measured on the horizontal axis, captures 18.3% of the total variation, clearly distinguishing the taurine and zebu breeds as well as their crossbreeds. The Brahman and taurine groups are at opposite extremes of this coordinate, and the crossbreed groups (Belmont Red, Santa Gertrudis, and Tropical Composites) appear in the middle. The second coordinate explains 3.0% of the total variation and clearly distinguishes the taurine breeds (Hereford, Shorthorn, and Angus). The Mur- ray Grey overlaps the Angus group as expected. The second coordinate also partially separates the Belmont Red breed, which was derived in part from the Africander breed, from the other 2 crossbreed groups.
The PC analysis was also performed using the SNP on 1 chromosome at a time. The correlation between the score on the first PC and the average b value over a chromosome ranged from 0.951 to 0.974 over chromosomes and was 0.998 for the whole genome. The PC scores are not independent of the b values because both are based on the SNP genotypes. However, this high correlation supports the interpretation that the b values are estimating the probability that the chromosome segments are of Bi origin. Table 3 shows the number of 11-SNP segments where the b values had a significant effect on the traits studied. The greatest numbers of significant (P < 0.001) segments were detected for height, ADG, meat tenderness (LDPF), eye muscle area, and BW, indicating that there are chromosome positions at which segments of Bi origin have a different effect on average than chromosome segments of Bt origin. However, the number of significant segments for the majority of traits is small, so the FDR was large. The greatest number (26 and 21) of significant segments (P < 0.001) for BW and height, respectively, was detected where the Tropical Composites and Brahman cattle were combined together, probably because this gives the largest data set. When the CRC II Bt × Bi cattle were analyzed by themselves only 10 segments for BW were significant, and when the CRC II Brahman animals were analyzed alone only 4 segments were significant. This is perhaps not surprising because within the Brahman animals almost all segments are of Bi origin.
Genome-Wide Association Studies Using the Origin-Known Segments
Only 6 segments were significant (P < 0.001) for residual feed intake, giving a FDR of 74% (Table 3) . This means that about only 1 or 2 significant segments are expected to be true positives. These 6 segments were located on BTA 7, 8, 16, and 22. The 3 of them were situated between 87.9 and 98.7 Mbp on BTA 8, where significant effects were found in a previous genomewide association study, based on the same data using individual SNP (Bolormaa et al., 2011) .
To confirm the findings made in individual data sets, we compared the results between data sets for height and BW (Table 4) . For instance, of the 16 segments that were significant (P < 0.001) in Bt × Bi for height, 88% (14 segments) had an effect in the same direction in Brahman cattle (Figure 4) . The 5 of these 16 segments (Table 5 ) reached significance (P < 0.05) in Brahman cattle, and all had the same direction of effect in both breeds (Figure 4) . If the significant segments The mean b value of a segment estimates the proportion of chromosomes in the population that carry a Bi segment at this position. Therefore, at positions with a large mean b value, the segments of Bi origin have tended to be retained. This could be as a result of selection or due to genetic drift. We looked for evidence of selection by plotting the effect of each segment on BW against its mean b value ( Figure 5 ). Segments with large mean b value and positive effect on BW could be interpreted as Bi segments that are being retained in the composite breeds due to their positive effect on BW. Similarly, segments with small mean b value and a negative effect on BW could be Bt segments retained due to their positive effect on BW (the effect on BW is negative because it is the effect of the Bi segment). The data in Figure 5 show a significant positive relationship between the effect of a segment on BW and its mean b value in 2 out of 3 populations. This suggests that selection for increased BW has caused some chromosome segments to be retained in composite populations at a greater frequency than expected by chance. 1 RFI = residual feed intake; DFI = daily feed intake; mMWT = metabolic mid-weight; CWT = carcass weight; RBY = retail beef yield; IMF = intramuscular fat; P8 = subcutaneous fat depth at the P8 site; RF = rib fat; EMA = eye muscle area; LDPF = meat tenderness; w1WGT = end of wet season 1 BW (kg); w1HH = hip height at the end of the first wet season; BB = Brahman; TC = Tropical Composite; all = TC and BB cattle combined. by 4 breeds and allele frequency and haplotype frequency may vary between them. Although most of the SNP were discovered in Bt, this does not affect their ability to distinguish Bi from Bt chromosome segments. In the Brahman cattle, most of the segments had a b value close to 1 indicating little uncertainty, but there were a small number of segments with b values less than 0.4. The results indicate that Australian Brahman cattle contain some chromosome segments of taurine origin, which is not surprising given their history of grading up from Bt in both the United States and Australia. The average of b values across the genome for Australian Brahman cattle was 0.9, indicating that about 10% of their genes are of taurine origin. If the Brahman cattle were pure Bi, one would not expect the estimated segments of known origin to have any effect on traits such as BW within the Brahman data set. Therefore, the validation in the Brahman cattle of the effects of chromosome origin (b value) discovered in the Bt × Bi composites on height confirms the finding that the Brahman cattle contain some chromosome segments of Bt origin.
DISCUSSION
The choice of m = 11 SNP segments represents a compromise. Table 2 shows that we have a slightly greater No. = number of segments selected at the given P thresholds; correlation = correlation of segment effects between discovery data set (TC = Tropical Composite) and validation data set (BB = Brahman) at the given P thresholds.
2 SNP significant (P < 0.001 or <0.01 or <0.03) for height or BW in the discovery data set.
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Significant SNP for height or BW (P < 0.001 or <0.01 or <0.03) in the discovery data set were significant (P < 0.05) in the validation data set. ability to classify longer segments for subspecies origin. However, longer segments have a greater risk of being a mixture of Brahman and Bt origin, and they define the position of polymorphisms affecting quantitative traits less precisely. The proportion of segments assigned to Bi or Bt origin in the Bi or Bt cattle (respectively) never reached 100%. This could indicate the error rate of the method, but it could also reflect the fact that Brahman cattle in Australia contain some chromosome segments of Bt origin as mentioned in the above paragraph. It is even possible that Bt cattle contain some chromosome segments of Bi origin due to unrecorded crossbreeding at some time in the past.
Chromosome segment origin had some significant effects on growth and carcass traits. For height and BW the FDR were reasonably small, and we were able to confirm the results in other data sets. These were the traits with the largest data sets and hence the greatest power. For other traits, we had smaller data sets. In particular, there were only 292 composite cattle in the CRC I data, and this limited our power for traits only recorded in CRC I. Therefore, it is perhaps not surprising that FDR were large for many traits. Even for height and BW, the difference between the average Brahman chromosome segment and the average Bt segment is small (around 1 kg of BW). This could either reflect small effects of the causative polymorphisms or small differences between Brahman and Bt in allele frequency at the causative polymorphism. For the majority of carcass traits including intramuscular fat, subcutaneous fat depth at the P8 site (P8), rib fat, and retail beef yield, almost no significant differences were found between segments of zebu and taurine origins.
Because the segments were created from the individual SNP, the results from 11-SNP segments could be compared with a conventional genome-wide association study based on individual SNP in the CRC II Bt × Bi data set (Bolormaa et al., 2011) . In most cases (9 out of 10 segments at P < 0.001 in the Bt × Bi data set for BW) there was at least 1 SNP with a significant effect on the trait within a segment if the subspecies origin of the segment had a significant effect on the trait. However, when both the segment and the SNP were fitted in the same model, the SNP was no longer significant. Thus, these SNP were significant when fitted alone because they indicate Bt vs. Bi origin. These results could be explained if the allele frequency at the causative polymorphism differs greatly between Bt and Bi so that there is little additional variation for a SNP to detect. Alternatively, it could be that the SNP are not in sufficient linkage disequilibrium with the causative polymorphism to detect the segregation of this polymorphism within Bt or within Bi segments. As pointed out above, at some positions across the bovine genome, up to 37% of total Brahman segments were of the taurine origin (b < 0.4). At those genome positions, the same haplotypes were frequently represented in Bt, Bi, and Bt × Bi populations. This might indicate that these segments of the taurine origin were specifically selected in Brahman and crossbred cattle.
Meat tenderness (LDPF) had significant associations with the 15 origin-known segments. Meat tenderness is known to be affected by polymorphisms in the calpain and calpastatin genes, and these polymorphisms differ in allele frequency between Brahman and Bt cattle (White et al., 2005; Barendse et al., 2007 Barendse et al., , 2008 Davis et al., 2008) . However, none of calpain and calpastatin genes was detected within the highly significant LDPF segments. Calpain-1 (on BTA 29) and calpain-2 (on BTA 16) were situated within segments that were weakly significant for LDFP (P = 0.035 with effect size of +0.141 kg and P = 0.040 with effect size of −0.127 kg of shear force, respectively). This may indicate that the difference in allele frequency at calpastatin is not large enough to generate a significant difference for Bi and Bt segments.
In conclusion, using 50K SNP genotypes in breeds of beef cattle derived from crossing Bi and Bt, it is possible to recognize chromosome segments containing 11 SNP as of either Bi or Bt origin. From this analysis, the Australian Brahman appears to contain about 10% Bt genes. At some positions within the genome, Bt and Bi chromosome segments have significantly different effects on BW and other traits. However, the effects are small, so a prediction of BW based on the origin of the chromosome segments that an animal carries is of low accuracy. Chromosome segments that increase BW have tended to be retained in the composite breeds studied.
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